Cytodifferentiation in the transmission cycle of the parasitic protozoan Leishmania mexicana amazonensiw was studied in vitro The flagellated motile promastigotes transform into the nonmotile amastigotes in 7 days at 35°C intracellularly in the murine macrophage line J774G8. In medium 199 plus fetal bovine serum, the reverse transformation occurs extracellularly at 2aC in 2 days. Slab gel electrophoresis of leishmanias labeled with [35S]methionine during transformation revealed changes in
protein banding patterns. The intensity oftwo protein species with apparent molecular weights of =55,000 increased in the amastigote-to-promastigote differentiation and decreased during the reverse transformation. These two protein species comigrated approximately with a-and f-tubulin of Chlamydomonas flagella in two-dimensional gel electrophoresis. The lower band was further identified as 1-tubulin by immunoprecipitation using rabbit antiserum specific to the /-tubulin ofChlamydomonas axonemes. The biosynthetic change of tubulin was found to correlate with the morphological change of microtubules in leishmanial flagella and cytoskeleton during transformation. Some species of digenetic trypanosomatid protozoa are vectorborn agents pathogenic to man or domestic animals. The cyclic transmission of these agents from one host to another is accompanied by cell differentiation, presumably necessary for their adaptation to a new habitat. The life cycle ofleishmanias consists oftwo developmental stages: an extracellular promastigote form in the alimentary canal of the phlebotomine sandfly and an intracellular amastigote form in the reticuloendothelial system of the mammalian hosts (1, 2) . Whereas promastigotes are flagellated and thus actively motile, the amastigotes are sessile and confined to the lysosomal compartment ofmacrophages (3) . The ability of leishmanias to undergo cytodifferentiation or transformation is crucial for their parasitic life and hence their pathogenicity in leishmaniases.
Previous work on leishmanial differentiation has largely been limited to the transformation from amastigotes to promastigotes (because ofthe ease ofexperimental manipulations in vitro) and to comparison between the two developmental stages. It has been shown that promastigotes and amastigotes differ in their surface coat (4), in antigenic properties (5) , in AMP-catabolizing enzymes (6) , and possibly in heme content (7) . Amastigote-topromastigote transformation has been found to require amino acids and glucose (8) . It is accompanied by an increase in polyamine levels (9), in mitochondrial volume (10, 11) , and in respiratory rate (12) . Cyclic AMP (13) , ionophores (14) , actinomycin D, puromycin (8) , cycloheximide, antileishmanial drugs (15) , and lymphocyte factors (16, 17) have been reported to inhibit or to perturb this transformation. These findings indicate the necessity of metabolic adaptation by leishmanias in their transition from mammalian to insect hosts.
Of particular relevance to human leishmaniases, however, is the transformation from promastigotes to amastigotes, a crucial event for the intracellular survival of leishmanias in mammalian hosts. This transformation has not been studied except for morphological and ultrastructural observations (18) (19) (20) (21) . Technical difficulties concerning culture systems for such investigations have been reviewed (22, 23) .
Recently, Leishmania mexicana amazonensis in a murine macrophage line, J774G8, was found to be an adequate in vitro model for leishmanial differentiation (3) . Here, we report our findings on protein biosynthesis during leishmanial transformation in this culture system with particular reference to the changes in tubulin.
MATERIALS AND METHODS
Parasites and Macrophages. L. mexicana anmzonensis and the murine macrophage line J774G8 were maintained as described (3, 24) . Promastigotes were grown in medium 199 with 10% heat-inactivated fetal bovine serum and 25 mM Hepes at 27°C. Macrophages were grown in RPMI-1640 with 15% heatinactivated fetal bovine serum and 50 mM Hepes at 350C. We used 20% instead of 15% for infected macrophage cultures.
Conditions for Differentiation. For promastigote-to-amastigote differentiation, 5 x 106 macrophages in 5 ml of medium were infected with promastigotes at a parasite/macrophage ratio of 10:1. Infected cultures were subsequently incubated at 350C, and the medium was changed every 3 days. At various periods up to 7 days, parasites were isolated from 107 infected cells by vortex mixing in phosphate-buffered saline (PJNaCl) containing 2 mM EDTA followed by centrifugation in 45%/ 90% step Percoll (Pharmacia) gradient in PJNaCl, as described (3) . For amastigote-to-promastigote differentiation, leishmanias were isolated from macrophage cultures infected with promastigotes for at least 10 days by the procedures described above. Washed amastigotes were incubated at 27°C at 2 X 107 cells per ml in Hepes-buffered medium 199 with 5% heat-inactivated fetal bovine serum and gentamicin at 50 jig/ml. At various periods up to 48 hr, 108 cells were harvested for experimentation. For controls, amastigotes isolated from animal lesions, promastigotes freshly transformed from these amastigotes, and promastigotes incubated at 350C for 2 days in medium without macrophages or subjected to Percoll gradient centrifugation were used.
[35S]Methionine Labeling of Parasites. For promastigote-toamastigote differentiation, leishmanias isolated from macro-Abbreviations: NP-40, Nonidet P-40; P]NaCl, phosphate-buffered saline. 7624
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. phage cultures after different infection periods were labeled at 35TC for 60 min at 1-2 X 108 cells per ml in Hanks' balanced salt solution containing 25 mM Hepes and [3S]methionine (Amersham; 750 Ci/mmol; 1 Ci = 3.7 x 10O' becquerels) at 100 ,uCi/ml. For amastigote-to-promastigote differentiation, 108 amastigotes after incubation for different periods were labeled likewise in 2 ml of Hanks' salt/Hepes at 27TC. For controls, amastigotes derived from animal lesions, freshly transformed promastigotes of animal origin, Percoll-treated promastigotes, and promastigotes after 35TC incubation were also labeled. After labeling, parasites were washed once with 500 /4 ofHanks' salt/Hepes by centrifugation in a Microfuge (Beckman), boiled in 100 41 of electrophoresis sample buffer (25) , and stored at -700C.
Polyacrylamide Gel Electrophoresis. Labeled proteins were resolved by NaDodSOpolyacrylamide gradient (10-15%) slab gel electrophoresis (25, 26) . Gels were stained with Coomassie blue, dried under vacuum, and autoradiographed with Kodak XR-5 film (27) . [3S]Methionine incorporation into protein was determined after precipitation in 10% trichloroacetic acid and filtration through paper discs (28) . Radioactivity was equalized for individual samples before loading into different slots in each gel preparation. Autoradiograms were scanned in a spectrophotometer (Zeiss PM6) at 500 nm. Two-dimensional gel electrophoresis was run according to the method of Piperno et aL (29) , with pH 3.5-9.5 isoelectric focusing and 4-10% gradient gel electrophoresis.
Cytology. For microscopic examination of leishmania transformation, samples were air-dried on a slide in the presence of heat-inactivated fetal bovine serum, fixed in methanol, and stained with Giemsa. At least 100 parasites were counted on each slide and categorized into promastigotes, amastigotes, or intermediate forms, depending on their cell size and flagellum length (12) .
Immunoprecipitation. Leishmanial tubulins were immunoprecipitated by using rabbit antiserum to the / subunit of Chlamydomonas reinhardtii flagella tubulin (30) (the antiserum was a generous gift of Gianni Piperno of the Rockefeller University). The immunoprecipitation procedures were adapted from published reports (31-33) for two different forms of leishmanias. For immunoprecipitation of intermediate forms, 1 .5 X 108 amastigotes isolated from infected macrophages were allowed to transform in Hepes-buffered medium 199 with 20% heat-inactivated fetal bovine serum and gentamicin for 16 centrifuge, SS-34 rotor) for 30 min at4°C. To two 150-/4 aliquots of the supernatant were added 50 ,u of the antiserum and normal rabbit serum, respectively; both samples were placed at 2°C for 3 hr. A 30-,l aliquot of 33% (wt/vol) protein A-Sepharose (Pharmacia) in PjNaCl was then added to each sample to collect antigen-antibody complexes and the mixture was agitated for 60 min at 4°C. The Sepharose beads were washed by centrifugation twice (250 ul each) in salt-azide buffer (0.2 M NaCl/ 10 mM Tris-HCl, pH 7.5/0.02% NaN3), twice in mixed detergent solution (0.05% NP-40/0. 1% NaDodSOdO.3 M NaCV 15 mM Tris HCl, pH 8.8), and twice in salt-azide buffer again. Antigens associated with the beads were solubilized by boiling in 100 /l of electrophoresis sample buffer (25) and stored at -700C.
For immunoprecipitation of promastigotes, 1.5 X 108 promastigotes were labeled with [3S]methionine at 50 /LCi/ml and then solubilized in NP-40 as above. The pellet was further lysed in 250 /4 of NaDodSO4 buffer (1% NaDodSOdl mM phenylmethylsulfonyl fluoride in PJNaCl) and incubated in a boiling water bath for 1 hr. The lysate was centrifuged at 39,000 X g for 30 min at 40C; 60 Al ofthe resulting supernatant was diluted with 540 Al of Triton buffer [2% Triton X-100 (Sigma)/1 mM phenylmethylsulfonyl fluoride in PJNaCl]. To each of the two diluted samples, 150 Al of antiserum or control serum was added; the mixtures were incubated at 370C for 1 hr and at 40C for 20 hr. Subsequent treatments of samples with protein A-Sepharose (50 ,4 each), washings (300 /l each), and gel electrophoresis were as described above.
RESULTS
Promastigote-to-Amastigote Differentiation. The intracellular promastigote-to-amastigote transformation in macrophages at 350C was found to be a gradual process. Cytologically, parasites lost flagella and became small ovoid bodies (Fig. 1 ). Intermediate forms with shorter body lengths and stumpy flagella appeared between day 1 and day 3; later these were replaced by amastigotes (Fig. 2) . Transformation was asynchronous and reached completion in about 7 days when >80% of the parasites isolated were amastigotes. Changes in protein banding patterns during this leishmanial differentiation were revealed by gel electrophoresis and autoradiography of [3S]methionine-labeled proteins (Fig. 3) . The most noticeable were the protein doublets with apparent molecular weights of 55,000. The intensity of these two bands decreased gradually with time until day 7 when transformation was completed (Fig.  2 ). Other major changes were seen in the 70,000-90,000 region where several protein bands gave way to fainter bands (Fig. 3) .
Amastigote-to-Promastigote Differentiation. In contrast to promastigote-to-amastigote transformation which required 7 days, transformation in the reverse direction at 27°C was close to completion in only 48 hr (Fig. 4) . Morphologically, the parasites remained as amastigotes for the first 16 hr; after this there was a sharp increase in promastigote population for [16] [17] [18] [19] [20] [21] [22] [23] [24] hr (to >50). By 48 hr, 80% of the parasites were of promastigote form, as a result of transformation as well as ofdivision oftransformed promastigotes. Transformation was asynchronous, and I P . a fraction ofamastigotes always failed to transform. This was true for amastigotes isolated from animal lesions with minimal handling. Whereas amastigotes remained morphologically unchanged for 16 hr at 27TC (Fig. 4) , their protein labeling pattern was found to change almost immediately ( Fig. 5 ). Again, the most striking change occurred in the 55,000-dalton doublet bands. The labeling intensity for the two bands was light in amastigotes at 350C but increased in amastigotes at 270C for as short as hr; this was true especially for the lower doublet band. After incubation at 27TC for 16 hr, both bands gave full intensity, indistinguishable from those of promastigotes.
Other changes in several bands in the 70,000-90,000 region gradually emerged with time. The changes in protein banding P 1 3 5 7 9 13579b t 6 8' 435. promastigotes labeled at 2700; 1-9, leishmanias isolated from macrophages during the course of promastigote-to-amastigote transformation at different time points (days) as indicated. The molecular weight markers were 3-galactosidase (130,000), bovine serum albumin (68,000), ovalbumin (43,000), pepsin (35,000), trypsinogen (24,000), f3lactoglobulin (18,000), and lysozyme (14,000). patterns here were opposite to, but faster than, those found during the transformation in the reverse direction. The following results were obtained from control experiments. Amastigotes from both cultured macrophages and mouse skin lesions gave similar banding patterns of [ S]methionine-labeled proteins. The pattern of cultured promastigotes remained unchanged after Percoll centrifugation. Freshly transformed and long-term cultured promastigotes, however, did show some differences in banding patterns. Changes were also observed for promastigotes incubated in cell-free medium at 350C at either pH 5 or pH 7; but they were different from those seen during promastigote-to-amastigote transformation within macrophages. Promastigotes were not viable after prolonged incubation at 35TC.
Identification of the 55,000-Dalton Doublet Protein Species. The major molecular changes in leishmanial transformation were the 55,000-dalton doublets (Figs. 3 resented the major protein species in promastigotes but not in amastigotes. As determined by scans of autoradiograms, the proportions of these two bands relative to total resolvable protein bands were 3.8% for amastigotes and 11.4% for promastigotes. By two-dimensional gel electrophoresis and autoradiography, these two protein species of promastigotes migrated closely together as two distinct, heavily labeled spots whose positions coincided approximately with those of a-and 83-tubulin of Chlamydomonas axonemes (Fig. 6) . Moreover, the lower band of the doublet was immunoprecipitable by monospecific antiserum raised in rabbits against f-tubulin of Chlamydomonas axonemes under two different conditions. A single band of 55,000 molecular weight appeared in gel autoradiograms after immunoprecipitation and protein A affinity binda b cc ing of both promastigotes (data not shown) and intermediate forms [amastigotes after incubation at 270C for 16 hr (Fig. 7,  lane d) ]. Specificity of the immunoprecipitation was clearly indicated by the absence of other parasite protein bands (Fig. 7,  lanes b and e) and by the absence ofthis band in samples treated with normal rabbit serum (Fig. 7, lane f) . It should be mentioned that the immunoprecipitation was successful when either promastigotes solubilized in both NP-40 and NaDodSO4 or intermediate forms solubilized in NP-40 alone were used. The latter was thought to have a larger free pool of tubulins because the sample was prepared from parasites that already had a full biosynthetic activity for 55,000-dalton doublet protein species (Fig. 5 ) but their flagellar and additional subpellicular microtubules had not yet been formed (Fig. 4) .
DISCUSSION
In the present study, we have examined the complete developmental cycle ofL. mexicana amazonensis in vitro with respect to both morphological changes and kinetics of cell differentiation. In the murine macrophage line, the intracellular transformation from promastigotes to amastigotes at 350C requires 7 days and includes an intermediate stage. Similar intermediate forms .have been observed during the leishmanial transformation in other mammalian cells (18, 19, 24, 26, 34) . Generalization of our kinetics findings to other leishmanial species and to in vivo conditions, however, must be considered with caution. In our system, the extracellular leishmanial transformation from amastigote to promastigotes at 27°C needs 2 days and is also via intermediate forms. These results are in good agreement with previous observations both in vitro under similar conditions (8, 12) and in vivo in the sandfly (35) . It is uncertain whether the intermediate forms occurring during leishmanial transformation in one direction and the other represent physiologically identical stages. The asynchronous emergence ofintermediate forms has been one of the difficulties in determining leishmanial transformation solely on the basis of morphological criteria.
We have also characterized leishmanial differentiation in both directions by using [3SNmethionine incorporation to study protein biosynthesis. Promastigotes incorporate the precursor twice as-fast as do the amastigotes, so the former have a higher rate ofprotein synthesis. In addition, one major differentiationrelated change has been identified to be tubulin biosynthesis, which increases with transformation from amastigotes to promastigotes and decreases with transformation in the reverse direction. This finding is not unexpected because trypanosomatid protozoa are known to have abundant and functionally distinct microtubules-e.g., axonemal, subpellicular, and nuclear spindle types (36) . Of these, at least the first two can change in relative quantity during cytodifferentiation and hence the tubulin biosynthesis. Previous identification of tubulin has been based on less stringent evidence-e.g., electrophoretic mobility of protein bands from L. tarentolae flagella (37), from L. donovani surface membranes (38) , and comigration with rat brain tubulin for Trypanosoma cruzi flagella (39) . Tubulin biosynthesis occurs rapidly in amastigote-to-promastigote transformation long before cytological changes become noticeable. Thus, it may be a more sensitive and more reliable marker for leishmanial transformation than morphological features. Leishmanial transformation is also accompanied by changes ofseveral protein species in the 70,000-90,000-dalton region; the identity of these proteins is not known. Tubulin biosynthesis and microtubule formation have been known to change in several protozoan models for studying differentiation. Of these, the most comparable to leishmanial transformation perhaps is Naegleria gruberi whose amoeba-to- flagellate differentiation also involves flagella degeneration and regeneration (40) (41) (42) . In this system, only the amoeba-to-flagellate differentiation has been extensively studied and this is accompanied by an increase in tubulin biosynthesis. Induction of tubulin biosynthesis occurs during the regeneration of flagella in Chlamydomonas reinhardtii (43, 44) and that of cilia in Tetrahymena pyriformis (45, 46) . In all these models, the biosynthetic event is under transcriptional control (42, 44, 46) . This is also likely in leishmanial transformation from amastigotes to promastigotes because it is sensitive to actinomycin D (12) . During the promastigote-to-amastigote transformation in macrophages, leishmanias lose flagella concomitantly with a decrease in tubulin biosynthesis. It is unknown whether the flagella in this case are amputated (perhaps due to the action of lysosomal enzymes in the macrophages) or are absorbed and reutilized by leishmanias as in many other unicellular organisms (47) . It is noteworthy that tubulin biosynthesis of Chlamydomonas is suppressed under experimental conditions for inducing flagellum resorption (43) .
In the light of the present findings, leishmanial transformation provides an additional model for studying the regulation of tubulin gene expression. This system offers the advantage of being a natural one and differentiation can be investigated in both directions-from amastigotes to promastigotes, and from promastigotes to amastigotes. The latter intracellular differentiation is the part of the parasite's life cycle that is directly relevant to human leishmaniases and thus deserves special attention.
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